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Introduction
============

Dynamic and reversible RNA modifications have important roles in RNA homeostasis. Four decades ago, *N*^6^-methyladenosine (m^6^A) modifications were found to be abundant in eukaryotic transcriptomes^1^. They have diverse functions in messenger RNA (mRNA), ribosomal RNA (rRNA), small nucleolar RNA, transfer RNA, and microRNA^2^. The m^6^A modifications of mRNA influence their splicing^3^, translation^4^, degradation^5^, and localization^2^. Moreover, they affect ribosome biogenesis and microRNA function^6^. The evolutionary conservation of m^6^A modifications of RNA is noted in unicellular bacteria to multi-cellular humans^7^. Delineation of the roles of m^6^A modifications is currently under extensive exploration. The efforts are expected to provide new insights into transcription control. Recent studies reveal that other chemical modifications of mRNA^8^ also play critical roles in RNA metabolism.

Circadian rhythms^9^, stem cell pluripotency^10^, triglyceride metabolism^4^, fibrosis^11^, obesity^12^, and major depression^13^ are a few examples of processes where m^6^A modifications are known to control outcomes. Many circadian clock gene transcripts have m^6^A sites^14^. Modulation of m^6^A methylase or demethylase elicits circadian period changes^15^. Mettl3, an m^6^A transferase, is a regulator for stem cell pluripotency. A deficiency of *Mettl3* leads to early embryonic lethality and aberrant lineage priming at the post-implantation stage^10^. A deficiency of *fat mass- and obesity-associated* (*FTO*), an m^6^A demethylase, in adipocytes affects fatty acid mobilization and body weight through posttranscriptional regulation of *Angptl4*^4^. These studies reveal that m^6^A not only controls mRNA processing, but also plays critical roles in embryological development and patho-physiology. The function of m^6^A modifications holds implications for therapeutic considerations in the future.

Several methods are available to measure m^6^A modifications of RNA^16-18^. Traditionally, thin layer chromatography (TLC) and high-performance liquid chromatography (HPLC) are used to study the distribution of m^6^A in several RNAs^19,20^. Mass spectrometry is a sensitive tool for the detection of m^6^A modifications in RNA. However, the RNA needs to be excised by RNase into short fragments before analysis by mass spectrometry^21^. Methyl-RNA immunoprecipitation and sequencing (m^6^A-Seq)^22^ immunoprecipitates fragmented RNAs with m^6^A-specific antibodies and performs parallel RNA sequencing. This method generates transcriptome-wide m^6^A landscapes. High-resolution mapping of m^6^A individual-nucleotide-resolution cross-linking and immunoprecipitation (miCLIP) further maps m^6^A modifications at a single-nucleotide resolution^23^. Both methods provide details of m^6^A modification across the whole transcriptome, with specific genes\' information. However, quantifications and standardization in both methods are difficult if experiments require the comparison of multiple conditions. Moreover, fragmentations of RNA for m^6^A-Seq alter the original RNA structure, which may affect native m^6^A levels. To detect global m^6^A modifications of RNA and their changes under different experimental conditions, we report a method that employs a modified northern blotting protocol. This method resolves RNA by molecular weight, using gel electrophoresis^18^. This procedure provides better standardization and quantifications for experiments that involve multiple conditions or samples. It also provides specific m^6^A modification information for different RNAs, whether rRNA, mRNA, or microRNA.

Protocol
========

NOTE: The total RNA m^6^A level includes rRNA, mRNA, and other small RNAs. Since ribosomal RNA has abundant m^6^A modifications, the measurement of m^6^A levels will need to consider this fact.

1. RNA Isolation
----------------

1.  Using the ribonuclease decontamination solution (sprayed onto paper towels), wipe the pipettes and lab bench surfaces. Wet paper towels with nuclease-free water and wipe down pipettes and lab bench surfaces again.

2.  RNA Extraction Total RNA Isolation Using an overhead stirrer, homogenize 50-100 mg of tissue or 5-10 x 10^6^ cells in 1 mL of RNA isolation solution maintained at 4 °C. NOTE: More tissue (100-150 mg) may be required for adipose tissue samples from mice because of the lower RNA concentrations therein. Samples sourced from mouse heart, liver, skeletal muscle, lung, brain, and macrophages have been employed previously^4^.Incubate the sample homogenates for 5 min at room temperature.Add 100 µL of 1-bromo-3-chloropropane (BCP) per 1 mL of sample homogenate. Shake the tubes vigorously for 15 s and proceed to isolate total RNA according to the manufacturer\'s instructions^24^.Polyadenylated mRNA Purification from Isolated Total RNA Purify polyadenylated mRNA using available kits or protocols. Shake thoroughly to re-suspend each of the following solutions: 2x binding solution, oligo(dT) polystyrene beads, and wash solution. Ensure that the oligo(dT) beads warm to room temperature before use.Transfer 120 µL of elution solution per preparation into a tube and heat to 70 °C in a heating block.Pipette up to 500 µg of total RNA into a microcentrifuge tube. With nuclease-free water, adjust the volume to 250 µL.Add 250 µL of 2x binding solution to the total RNA solution and vortex briefly to mix the contents.Add 15 µL of oligo(dT) beads and vortex thoroughly to mix.Incubate the mixture at 70 °C for 3 min.Remove the sample from the heating block and let it stand at room temperature for 10 min.Centrifuge at 15,000 x g for 2 min.Carefully remove the supernatant, leaving behind approximately 50 µL.Add 500 µL of wash solution to re-suspend the pellet by pipetting.Pipette the suspension into a spin filter/collection tube set.Centrifuge at 15,000 x g for 2 min. Remove the column from collection tube and discard the flow-through. Return the column to the collection tube.Pipette 500 µL of wash solution onto the spin filter.Centrifuge at 15,000 xg for 2 min.Transfer the spin filter into a fresh collection tube.Pipette 50 µL of elution solution heated to 70 °C onto the center of the spin filter.Incubate for 2-5 min at 70 °C. Centrifuge at 15,000 x g for 1 min.Pipette an additional 50 µL of elution solution heated to 70 °C onto the center of the spin filter.Repeat Step 1.2.2.1.18.Add 100 µg/mL glycogen, 0.1 volume of 3 M sodium acetate buffer (pH 5.2), and 2.5 volumes of absolute ethanol. Precipitate overnight at -80 °C.Centrifuge at 15,000 x g for 25 min at 4 °C. Discard the supernatant.Wash the pellet with 1 mL of 75% ethanol. Centrifuge at 15,000 x g for 15 min at 4 °C. Carefully remove the ethanol.Dry in air for 3-5 min.Add 10 µL of nuclease-free water to dissolve the pellet.Store at -70 °C.

3.  RNA Qualification and Quantification Using a spectrophotometer, determine the RNA concentration by noting the absorbance at 260 nm and 280 nm. The A~260~/A~280~ ratio should be 1.8-2.2.Check the RNA sample quality using 0.8% agarose gel electrophoresis^25^. NOTE: The intact eukaryotic total RNA should show intense 28S and 18S rRNA bands. The ratio of 28S versus 18S rRNA band intensity for a good RNA preparation is \~2.

2. Gel Electrophoresis and Transfer
-----------------------------------

NOTE: The buffer preparation protocols are given in **Table 1**.

1.  Formaldehyde Gel Preparation (1%) Rinse all electrophoresis equipment with diethylpyrocarbonate (DEPC) water.Melt 2.5 g of agarose in 215 mL of DEPC water completely in a microwave oven.Add 12.5 mL of 10x 3-(*N-*morpholino)propanesulfonic acid (MOPS) buffer and 22.5 mL of 37% formaldehyde.Pour it into the electrophoresis apparatus with a 1.5 mm thick comb.Eliminate bubbles or push them to the edges of the gel with a clean comb.Allow the gel to solidify at room temperature.

2.  Sample Preparation Mix 1-10 µg of total RNA and 11.3 µL of sample buffer.Mix 2 µg of the RNA marker (1 µg/µL) with 11.3 µL of the sample buffer.Add nuclease-free water to the samples from 2.2.1 and 2.2.2 to a total volume of 16 µL.Heat at 60 °C for 5 min, and then chill on ice.Mix 16 μL of the sample from 2.2.3 with 4 μL of tracking dye, which contains 0.1 μg/μL ethidium bromide on ice. CAUTION: Ethidium bromide is possibly teratogenic and toxic if inhaled. Read ethidium bromide safety datasheet.

3.  Electrophoresis Add 200 mL of 10x MOPS buffer to 1,800 mL of ddH~2~O to make a 1x MOPS running buffer.Use the 1x MOPS running buffer to rinse the wells of the gel.Pre-run the gel at 20 V for 5 min.Load the RNA samples into the wells of the gel.Cover with foil to avoid light exposure. Run at 35 V for about 17 h (overnight)Examine and photograph the gel under a UV light.

4.  Transfer Cut the gel to remove the unused portion.Prepare 500 mL of 10x SSC buffer (250 mL of 20x SSC buffer and 250 mL of DEPC water).Wash the gel twice with 10x SSC buffer for 20 min with shaking at 50 rpm.Cut 1 filter paper sheet large enough to serve as a wick paper, which absorbs transfer buffer from the transfer tray (**Figure 1**).Cut 4 pieces of filter paper to the same size as the gel.Cut 1 sheet of positively-charged nylon membrane to the same size as the gel.Mark a notch on the gel and the membrane as a marker to ensure the proper orientation.Soak the membrane in 2x SSC buffer for 15 min.Pour 500 mL of 10x SSC buffer into the transfer tray.Lay the large filter paper sheet across the glass plate and wet the filter paper with transfer buffer.Roll out any bubbles with a pipette.Soak 2 pieces of pre-cut filter paper in transfer buffer and place them on the center of the filter paper from step 2.4.5. Remove any bubbles.Lay the gel top-side down on the filter paper.Lay the membrane on top of the gel. Align the notches of the gel and the membrane.Place 2 pieces of pre-cut filter paper on top of the membrane and wet the filter paper with transfer buffer.Remove any bubbles between the layers.Apply plastic wrap around the gel to ensure that the towels only soak up buffer passing through the gel and the membrane.Stack the paper towels on top of the filter paper.Place an oversized glass plate on top of the towels.Place a weight on the top of the stack.Keep overnight to allow the RNA to transfer from the gel to the membrane.

3. Detection of *N*^6^-methyladenosine
--------------------------------------

1.  Membrane Crosslinking Keep the membrane damp in 2x SSC buffer.Place 2 sheets of filter paper immersed with 10x SSC buffer into UV crosslinker.Place the membrane on top of the filter paper, with the RNA-adsorbed side facing up.Select \"autocrosslink mode\" (120,000 µJ) and press the \"Start\" button to initiate the irradiation.Examine the membrane and the gel with a UV gel image catcher to confirm the RNA transfer from the gel to the membrane.

2.  Immunoblotting Block the membrane in 5% non-fat milk in Tris-buffered saline with Tween 20 (TBST) buffer at room temperature for 1 hr.Wash thrice with TBST buffer for 15 min.Incubate the membrane overnight in m^6^A (*N*^6^-methyladenosine) antibody solution (1:1,000 in 5% non-fat milk TBST buffer) at 4 °C.Wash the membrane thrice with TBST buffer for 15 min.Incubate the membrane in the HRP-conjugated donkey anti-rabbit antibody solution (1:2,000 in 5% non-fat milk TBST buffer) for 1 h at room temperature.Wash the membrane thrice with TBST buffer for 15 min.Apply the enhanced chemiluminescent substrate (0.125 mL per cm^2^ of membrane).Capture the chemiluminescence with the optimum settings of the digital imager, according to manufacturer\'s instructions^26^.

3.  m^6^A Quantification Measure the relative m^6^A chemiluminescent intensity using the ImageJ software. Under the ImageJ software menu, select the \"File\" option to open the pertinent file.Select the \"Rectangle\" tool from ImageJ and draw a frame around the signals.If ribosomal RNA is not the focus of the experiments, avoid the 18S and 28S ribosomal RNA m^6^A bands for the calculation.Click \"Command\" and \"1\" to confirm the selected lane.Press \"Command\" and \"3\" to show the selected plot.Click the \"Straight\" tool and draw lines to separate the segmented area.Click the \"Wand\" tool to record the measurements.Export the data.Normalize the levels of m^6^A with the 18S ribosomal RNA band from the ethidium bromide staining.

Representative Results
======================

After 14 days in normal light-dark circadian phase, the wild-type mice were placed in constant darkness. The RNAs from the liver were sampled at 4 hr intervals and studied with modified northern blotting. The methylation of rRNAs, mRNAs, and small RNAs were clearly detected (**Figure 2**). The comparison between different circadian times (CT) can be accurately calculated with the 18S rRNA standard. There was robust circadian oscillation of m^6^A levels in rRNA, mRNA, and small RNAs.

To avoid the interference proffered by rRNA, polyadenylated RNAs can be purified, as in step 1.2.2. After purification, the rRNA can be largely eliminated to allow for better visualization of other RNAs (**Figure 3**).

**Figure 1: Assembling the blot transfer unit.** The capillary transfer unit for blotting the RNA to the membrane is shown. [Please click here to view a larger version of this figure.](http://ecsource.jove.com/files/ftp_upload/54672/54672fig1large.jpg)

**Figure 2: Circadian rhythm of the m^6^A levels in C57BL/6J mice.**This figure shows the m^6^A blot of total RNA from livers of wild-type mice sacrificed on the first day of the dark-dark phase after 14 days of a normal light-dark phase at 4 h intervals. The quantification was done using the m^6^A image density difference between 18S and 28S rRNA. The m^6^A abundance was normalized to the 18S rRNA band from the formaldehyde gel at the bottom. [Please click here to view a larger version of this figure.](http://ecsource.jove.com/files/ftp_upload/54672/54672fig2large.jpg)

**Figure 3: The m^6^A blots with or without rRNA.**Representative m^6^A blots of total RNA and polyadenylated RNA from the livers of wild-type mice are shown. [Please click here to view a larger version of this figure.](http://ecsource.jove.com/files/ftp_upload/54672/54672fig3large.jpg)

  --- ---------------------------------------------------- ------- ---- --------
  1   10x MOPS buffer (pH 7.0, protect from light)                      
      MOPS                                                 41.85   g    0.2 M
      Sodium acetate                                       4.1     g    0.05 M
      EDTA, Disodium Salt                                  3.7     g    0.01 M
      DEPC water                                                        
      Total                                                1       L    
      Stir at room temperature                                          
  2   20x SSC buffer (pH 7.0)                                           
      Sodium chloride                                      175.3   g    3 M
      Trisodium citrate                                    88.3    g    0.3 M
      DEPC water                                                        
      Total                                                1       L    
      Stir at room temperature, then autoclave                          
  3   Tracking Dye                                                      
      10x MOPS buffer                                      500     μL   1x
      Ficoll 400                                           0.75    g    15%
      Bromophenol blue                                     0.01    g    0.2%
      Xylene Cyanol                                        0.01    g    0.2%
      DEPC water                                                        
      Total                                                5       mL   
      Store at -20 °C                                                   
  4   DEPC water                                                        
      Dilute ratio at 1:1,000 of DEPC in ddH~2~O                        
      Stir overnight at room temperature, then autoclave                
  5   Sample buffer (protect from light)                                
      10x MOPS buffer                                      200     μL   
      37% formaldehyde                                     270     μL   
      Formamide                                            660     μL   
      Store at -20 °C                                                   
  --- ---------------------------------------------------- ------- ---- --------

**Table 1: Buffers and solutions.**

Discussion
==========

Modifications of RNA have important roles in cellular function and physiology. The current understanding of the regulation, function, and homeostasis of these modifications is still being explored and expanded^8^. Therefore, a precise and gold-standard method to evaluate the modifications of RNA is needed. The modified northern blotting method provides precise quantification of RNA modifications and clear delineation of the modifications in diverse RNAs. Although the method requires at least 3 days, it can be standardized and can be used in various experimental designs. Moreover, with different antibodies, it can detect different RNA modifications^27^.

It is important to separate different RNAs when analyzing RNA modifications. Ribosomal RNA comprises a large portion of the total amount of RNA^28,29^. The results from analyzing RNA modifications only in total RNA will represent mostly the changes of rRNA. Methylation and other such modifications of rRNA could potentially mask the changes in other RNAs. With the procedure of gel separation, the modifications of mRNA and other small RNAs can be more accurately analyzed.

Transcriptome-wide mapping with m^6^A immunoprecipitation and sequencing provides detailed insight into the modification of each type of RNA^22^. It provides information on the specific RNAs and a resolution of around 80-120 bp. Although m^6^A-Seq can compare the modifications between different experimental conditions, the selection of proper standards and controls for such experiments is difficult^18^. Immunoprecipitation is difficult to reproduce, often giving significant variations amongst repeats. Moreover, m^6^A-Seq requires the fragmentation of RNA samples before immunoprecipitation and sequencing^30^. The fragmentation process could potentially induce undue influences on the original RNA modifications. If the experiment does not need the specific gene\'s information but requires different conditions for comparison, the current method provides better visualization and control for diverse experimental setups.

Modification of RNA is an important step in regulating transcriptional control^31^. However, the homeostasis and the regulatory mechanisms of various RNA modifications under diverse physiological realms are still unclear. Using the present modified northern blotting method, different RNA modifications can be quantified and compared. Furthermore, the changes and regulations of RNA modifications can be investigated in greater detail. In the future, it could also be possible to combine the experimental data from both the classical northern blotting and the modified northern blotting protocols, providing greater insights into RNA biology.

The most important factor determining the success of the modified northern blotting protocol is the integrity of the RNA sample. RNAs with some amount of degradation may yield good classical northern blotting results, but this could potentially have significant impact on the modified northern blotting results. The modifications of RNA in different tissues or cell lines could also vary significantly. It is important to test the suitable RNA sample loads for different tissues before performing the final experiments.

As blotting procedures have been traditionally named after Dr. Southern and different geographical directions, we propose the name \"northeastern\" blotting for the current technique.
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